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Implicated in more than 60% of bone and joint infections (BJIs), Staphylococci have a
particular tropism for osteoarticular tissue and lead to difﬁcult-to-treat clinical infections.
To date, Staphylococcus aureus internalization in non-professional phagocytic cells
(NPPCs) is a well-explored virulence mechanism involved in BJI chronicity. Conversely,
the pathophysiological pathways associated with Staphylococcus non-aureus (SNA)
BJIs have scarcely been studied despite their high prevalence. In this study, 15
reference strains from 15 different SNA species were compared in terms of (i) adhesion
to human ﬁbronectin based on adhesion microplate assays and (ii) internalization
ability, intracellular persistence and cytotoxicity based on an in vitro infection model
using human osteoblasts. Compared to S. aureus, S. pseudintermedius was the
only species that signiﬁcantly adhered to human ﬁbronectin. This species was also
associated with high (even superior to S. aureus) internalization ability, intracellular
persistence and cytotoxicity. These ﬁndings were conﬁrmed using a panel of 17
different S. pseudintermedius isolates. Additionally, S. pseudintermedius internalization
by osteoblasts was completely abolished in β1 integrin-deﬁcient murine osteoblasts.
These results suggest the involvement of β1 integrin in the invasion process, although
this mechanism was previously restricted to S. aureus. In summary, our results suggest
that internalization into NPPCs is not a classical pathophysiologic mechanism of SNA
BJIs. S. pseudintermedius appears to be an exception, and its ability to invade and
subsequently induce cytotoxicity in NPPCs could explain its severe and necrotic forms
of infection, notably in dogs, which exhibit a high prevalence of S. pseudintermedius
infection.
Keywords: Staphylococcus non-aureus, Staphylococcus pseudintermedius, bone and joint infection (BJI),
invasion, ﬁbronectin, integrin α5β1
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INTRODUCTION
Bone and joint infections (BJIs) represent a major public health
issue, with an annual mortality rate near 5% and a classically
reported relapse rate of 20–30% that can reach 80% in speciﬁc
populations (Lentino, 2003). However, Staphylococci represent
the most prevalent aetiologic agents, causing more than 60%
of all BJIs. These pathogens are classically separated into two
groups: (i) Staphylococcus aureus, involved in acute and chronic
BJIs due to its large panel of virulence and persistence factors
and (ii) Staphylococcus non-aureus (SNA) species, classically
considered as less virulent, opportunistic pathogens that are
primarily responsible for chronic implant-associated BJIs.
Several studies have explored the pathophysiology of S. aureus
in BJIs and have elucidated mechanisms implicated in the course
of chronic infections using in vitro and in vivo approaches.
Two key mechanisms have been identiﬁed to explain the high
rate of treatment failure of S. aureus BJIs: (i) the formation
of bioﬁlm, which is deﬁned as the community of microbes
that adhere to a biotic or an abiotic surface and that are
covered by an adhesive protective matrix, and (ii) internalization
and sanctuarization by which invasive bacteria actively induce
their own uptake by phagocytosis into host cells, where they
establish a protected niche within which they can replicate.
Bioﬁlm and intracellular lifestyles help S. aureus evade most
antibiotics and the immune system. SNA is highly prevalent
(even superior to S. aureus in some series) in cases of prosthetic
joint infections (PJIs), of which S. epidermidis accounts for
30–43%. However, little is known regarding the behavior of
the SNA species during the course of an infection (Zimmerli
et al., 2004; Lourtet-Hascoett et al., 2015). Concerning bioﬁlm
formation, the few studies that have included panels of clinical
isolates (i.e., S. epidermidis, S. hominis, S. lugdunensis) have
highlighted a marked variability within each species (Seifert
et al., 2005; Fredheim et al., 2009; Oliveira et al., 2015; Szczuka
et al., 2015). Regarding the ability of SNA to be internalized by
osteoblasts, the scarce data available are controversial. Indeed,
using a single clinical strain isolated from BJI, Khalil et al.
(2007) reported that S. epidermidis is able to invade human
osteoblasts via a ﬁbronectin-independent pathway. In contrast,
we previously demonstrated using a large panel of clinical isolates
that the extent of invasion in an in vitro infection model were
so low that this mechanism is likely not involved in BJI with
S. epidermidis (Valour et al., 2013). In the same way, Hussain
et al. (2015) suggested that the S. lugdunensis invasion of
endothelial, epithelial and ﬁbroblastic cells is mediated by the
bacterial autolysin AtlL whereas Campoccia et al. (2015) reported
no internalization of this pathogen by human osteoblasts. In
addition to these controversies, this issue remains under debate
for all other Staphylococci species.
In this context, the aim of the present study was to determine
whether the various SNA species exhibit distinct behaviors
in terms of their capacities to adhere, invade and persist in
osteoblasts under the same experimental conditions using an
in vitro infection model. For this purpose, a screening approach
using a panel of 15 reference isolates belonging to 15 diﬀerent
SNA species was employed. The original data obtained for
the S. pseudintermedius reference strain led us to extend the
investigation to include a set of 17 clinical isolates of this species
and to explore the bacterial and cellular factors involved in the
process of internalization using murine osteoblasts defective for
β1 integrins.
MATERIALS AND METHODS
Human Ethics Statement
This study was approved by the French South-East ethics
committee (reference number 2013-018). In accordance with
French legislation, written informed patient consent was not
required for the use of the collected clinical isolates.
Bacterial Strains and Culture Media
A collection of 15 reference strains of diﬀerent SNA species
was used (Table 1). The laboratory strain S. aureus 8325-4, well
characterized for its ability to bind to ﬁbronectin and to invade
osteoblasts, was used as a positive control in each experiment.
Its isogenic mutant, DU5883 (inactivated for the fnbA/B genes
and therefore unable to adhere or to invade osteoblasts), was
used as a negative control. Seventeen human and animal
clinical S. pseudintermedius isolates were also included. The
identities of all strains were conﬁrmed via matrix-assisted laser
desorption ionization time-of-ﬂightmass spectrometry (MALDI-
TOF-MS, bioMérieux, Marcy-L’Etoile, France). Details on the
characteristics of the isolates are summarized in Table 1. Prior to
the assays, strains were cultured overnight in brain heart infusion
medium (BHI; bioMérieux) aerobically at 36◦C.
Microplate Assay of Bacterial Adhesion
to Fibronectin
The assays of bacterial adhesion to ﬁbronectin were performed
in vitro in 96-wells ﬂat–bottom microplates, as described
elsewhere (Rasigade et al., 2011). Brieﬂy, the wells were coated
with 200 μL of human ﬁbronectin (Dutsher SAS, Brumath,
France) at 50 μg/mL (18 h, 4◦C). They were then washed
three times (20 min, 37◦C) with Phosphate-buﬀered saline
(PBS) supplemented with 1% foetal bovine serum (FBS).
Meanwhile, after an overnight broth culture in BHI medium,
bacterial suspensions were adjusted to an OD600 of 1 ± 0.05,
corresponding to a concentration of approximately 1 × 109
cells/mL. Bacteria were then centrifuged (12,000 g, 2 min), and
the pellets were washed and suspended in PBS. One hundred
microliters of each bacterial suspension were incubated in the
ﬁbronectin-coated plates for 45 min at 37◦C with mild shaking.
The wells were then washed 3 times with PBS to remove
non-adherent bacteria. Then, adherent bacteria were ﬁxed with
glutaraldehyde (2.5% v/v in 0.1 M PBS, 2 h at 4◦C) and
stained with crystal violet (0.1% m/v) for 30 min at room
temperature. After 3 washes with PBS, the total remaining
stain impregnating the adherent bacteria was solubilized by
incubating the wells with Triton X-100 solution (0.2% v/v –
H2O; Sigma–Aldrich, St. Louis, MO, USA) at room temperature
for 30 min. The adhesion of bacteria to ﬁbronectin was ﬁnally
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TABLE 1 | Description of the strains used in this study.
Staphylococcus spp. (Reference strains) S. pseudintermedius (Clinical isolates)
Species/sub-species Strain Origin Isolate Origin
S. aureus 8325-4 Human corneal ulcer N◦1 Human skin lesion
S. aureus fnb DU 5883 Human corneal ulcer N◦2 Human nasal carriage
S. intermedius CCM 5739 Pigeon nose N◦3 Human blood culture
S. pseudintermedius LMG 22219 Cat lung tissue N◦4 Human CSF (Cerebrospinal ﬂuid)
S. capitis subsp. capitis CCM 2734 Human skin N◦5 Human skin lesion
S. caprae CCM3573 Goat milk N◦6 Human pacemaker
S. epidermidis CCM 2124 Human nose N◦7 Human bone biopsy
S. gallinarum CCM 3572 Chicken skin N◦8 Human aspiration
S. haemolyticus CCM 2737 Human skin N◦9 Human blood culture
S. hominis subsp. hominis DSM 20328 Human skin N◦10 Human drain ﬂuid
S. lugdunensis ATCC 43809 Human axillary node N◦11 Dog skin pustule
S. pettenkoferi CIP 107711 Human blood N◦12 Human hip prosthesis
S. saprophyticus subsp.saprophyticus CCM 883 Human urine N◦13 Human leg abscess
S. sciuri subsp. sciuri ATCC 29062 Gray squirrel skin N◦14 Human nasal carriage
S. simulans ATCC 27848 Human skin N◦15 Human skin lesion
S. warneri CCM 2730 Human Skin N◦16 Horse skin lesion
S. xylosus ATCC 29971 Human skin N◦17 Human bone ﬁstula
assessed spectrophotometrically by measuring the OD620 of
each well using a plate reader (Auto Reader Model 680, Bio-
Rad, Hercules, CA, USA). The results are expressed as the
means ± standard deviation of the OD620 for 3 experiments
performed in quadruplicate. The values obtained for each strain
were normalized to those of the reference strain S. aureus
8325-4.
Osteoblast Culture
All cell culture reagents were obtained from GIBCO (Paisley,
United Kingdom). Human MG63 osteoblastic cells (LGC
Standards, Teddington, UK) were cultured in Dulbecco’s
modiﬁed Eagle’s medium (DMEM) containing 2 mM
L-glutamine and 25 mM HEPES and supplemented with
10% FBS and 100 U/ml penicillin and streptomycin (“growth
medium with antibiotics”). In addition, two murine osteoblastic
cell lines were speciﬁcally used for the exploration of the
internalization process: (i) the OB-β1
ﬂ/ﬂ cell line, expressing
the functional integrin β1 subunit, (ii) the OB-β1
−/− cell line,
deﬁcient in the expression of the β1 integrin subunit after the
conditional deletion of the itgb1 gene. Both cell lines were
derived from calvaria of transgenic mice bearing itgb1-ﬂoxed
alleles. OB-β1
ﬂ/ﬂ cells were then immortalized as previously
described via retroviral infection with the SV40 large T-antigen
(Brunner et al., 2011). Next, OB-β1
−/− cells were obtained from
the parental OB-β1
ﬂ/ﬂ cell line after expressing Cre recombinase.
All cells were maintained at 1 passage per week.
Determination of the Invasion Capacity
and Persistence of Staphylococcus spp.
in Osteoblasts
Osteoblasts were seeded at 80,000 cells per well on 24-well
tissue culture plates (Falcon, Le Pont de Claix, France) in 1 mL
of growth medium with antibiotics. One day later, the cells
were washed twice with 1 mL of DMEM before the addition
of bacteria. Bacterial suspensions in growth medium without
antibiotics were added to the cell culture wells at a multiplicity
of infection (MOI) of 100:1, as previously described (Trouillet
et al., 2011). After 2 h of co-culture of the bacteria and
osteoblasts in a 37◦C/5% CO2 incubator, the wells were washed
twice with 1 mL of DMEM. They were then incubated for
1 h in medium containing 200 μg/mL gentamicin to kill only
the extracellular bacteria. The cells used for the measurement
of intracellular persistence were then incubated in medium
containing 40 μg/mL gentamicin throughout the remainder of
the experiment to eliminate potentially released bacteria from
dead cells into the culture medium during the incubation.
Osteoblasts used to evaluate internalization (3 h post-infection)
and intracellular persistence (24 post-infection) were lysed via
osmotic shock. To quantify the intracellular bacteria, dilutions
of cell lysates were plated in duplicate on Trypcase Soy Agar
(TSA; bioMérieux, Marcy-L’Etoile, France) plates, followed by
incubation overnight at 36◦C. To evaluate cytotoxicity, lactate
dehydrogenase (LDH) release from damaged cells 24 h post-
infection was quantiﬁed in the cell culture supernatant based on a
colorimetric method using a Dimension Vista automated clinical
chemistry analyzer (Siemens Healthcare Diagnostics, Tarrytown,
NY, USA).
DNA Extraction of S. pseudintermedius
Strains
DNA was extracted after suspending the bacterial colonies in
500 μL of Quick Extract (Epicentre R©, Madison, WI, USA).
A thermal shock was applied; this shock included a ﬁrst step at
65◦C for 30 min and a second step at 98◦C for 20 min (PTC 100,
Heated Lid Thermal Cycler, MJ Research).
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DNA Ampliﬁcation of Targeted Genes
Consensus sequences for spsD and spsL were obtained using
Seaview software (version 4.5.4) after aligning the sequences of
the genes of interest (spsD and spsL) obtained from four public
whole genome sequence (WGS) genomes of S. pseudintermedius:
strain ED99 (GenBank acc. num.: CP002478.1), strain K7
(GenBank acc. num.: BARM01000000), strain E140 (GenBank
acc. num.: ANOI01000001) and strain HKU10-03 (GenBank
acc. num.: CP002439.1). Speciﬁc primers targeting the conserved
regions in the consensus region of each gene of interest (spsD
and spsL) were designed using Primer 3 software. The reaction
mixture used and the PCR program used for ampliﬁcation are
presented in Supplementary Table S1.
Statistical Analysis
Non-parametric statistical Mann–Whitney U tests and B
tests with a threshold of signiﬁcance of 0.05 were used to
determine statistically signiﬁcant diﬀerences. All analyses were
performed using XLSTAT software (Pearson Edition, developed
by Addinsoft v.2014). The results were expressed as the means
and 95% conﬁdence intervals derived from three independent
experiments performed in triplicate.
RESULTS
Adhesion of Staphylococcus Non-aureus
to Human Fibronectin
The capacity of each isolate to adhere to ﬁbronectin in vitro
was evaluated after staining with crystal violet and measuring
the OD620, which is directly related to the amount of adherent
bacteria. S. aureus 8325-4 and the DU5883 mutant were used
to validate the protocol. The ability of the fnb-deleted DU5883
strain to adhere to ﬁbronectin was reduced by 76% compared
to the wild type strain (p < 0.001, Figure 1A). The results,
which are expressed as percentages of the S. aureus 8325-4
adhesion rate (100%), showed that the adhesion rates of all
of the tested SNA isolates were below the adhesion rate the
negative control DU5883 (24.87 ± 2.90%). The only exception
was S. pseudintermedius, which exhibited a signiﬁcantly higher
adhesion rate (100.25 ± 13.72%) than DU5883 (p < 0.001).
Additionally, the adhesion rate of S. pseudintermedius was in the
range of the adhesion rates observed for S. aureus 8325-4.
Internalization and Persistence of SNA
Isolates in Human Osteoblasts
The internalization (3 h post-infection) and persistence (24 h
post-infection) abilities of the strains in MG63 osteoblasts
were assessed using a gentamicin protection assay, and the
results are expressed as percentages of internalized inoculum
(Figure 1B). With the exception of S. pseudintermedius, all
of the tested SNA strains exhibited lower internalization and
persistence rates than DU5883 S. aureus fnb, which was
used as the negative control (0.01 ± 0.01% and <0.01%,
respectively). In contrast, S. pseudintermedius demonstrated
signiﬁcantly higher internalization ability (0.99 ± 0.20%) and
persistence (0.63 ± 0.14%) in osteoblasts than S. aureus 8325-4
(0.35 ± 0.15% and 0.32 ± 0.09%, respectively; p < 0.001).
In addition, although S. capitis displays internalization ability
in osteoblasts, this species cannot persist in the intracellular
compartment.
Cytotoxicity of SNA Isolates to Human
Osteoblasts
The cytotoxicity of SNA isolates to MG63 osteoblasts at
24-h post-infection was determined by measuring the levels
of LDH released from damaged osteoblasts in the culture
supernatant. The cells infected with the reference strain
S. pseudintermedius exhibited a signiﬁcantly higher rate of
cytotoxicity (126.22 ± 3.27%, p < 0.001) than the uninfected
cells (100%). This level of cytotoxicity was even higher than
the cytotoxicity observed after infection with S. aureus 8325-4
(103.52± 3.97%, p< 0.001). Notably, cells infected with all other
SNA species showed no cytotoxicity compared to uninfected cells
(100 ± 1.87%; p = 0.55, Figure 1C).
Behavior of a Set of Clinical Isolates of
S. pseudintermedius
The original results observed for the reference strain
S. pseudintermedius led us to investigate whether it’s particularly
high abilities to adhere to ﬁbronectin and internalize into
osteoblasts was species-speciﬁc and consequently observed
for other S. pseudintermedius isolates. Sixteen out of the 17
tested clinical S. pseudintermedius isolates adhered signiﬁcantly
more frequently than DU5883 fnb S. aureus (24.87 ± 2.90%;
p< 0.01). The adhesion rate of S. pseudintermedius isolates varied
from 28.54 ± 1.7% to 109.74 ± 2.28% compared to S. aureus
8325-4, which was used as a reference (100%; Figure 2A).
In addition, 14 out of the 15 gentamicin-susceptible isolates
exhibited higher internalization and persistence rates than
DU5883 fnb S. aureus based on the gentamicin protection
assay (p < 0.01 – Figure 2B and Supplementary Figure S1).
Concerning infection-induced cytotoxicity, 14 out of 15 isolates
harbored a comparable phenotype to the reference strain,
and cells infected with these isolates exhibited a signiﬁcantly
higher cytotoxicity rate (p < 0.001) than uninfected cells (100%;
Supplementary Figure S1).
spsD and spsL Ampliﬁcation via PCR
spsD and spsL (S. pseudintermedius surface proteins), the two
genes potentially involved in the internalization process due
to their high homology to S. aureus FnBPs, were investigated.
The results of the ampliﬁcation of both spsD and spsL showed
the presence of these genes in all S. pseudintermedius isolates
(n = 18), including the strain n◦15, which was unable to adhere
to ﬁbronectin or become internalized.
Characterization of the Cellular
Pathways Involved in the Internalization
of S. pseudintermedius
To determine if the internalization mechanism of
S. pseudintermedius in osteoblasts involves the cellular integrin
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FIGURE 1 | Evaluation of Staphylococcus spp. in terms of their adherence to human ﬁbronectin, their internalization and their persistence in MG63
cells. (A) Quantiﬁcation of the ﬁbronectin adhesion capacity of 15 Staphylococcus spp. reference strains. All of the results are expressed as percentages of the
values obtained for the S. aureus 8325-4 strain. The horizontal bars denote the means derived from three independent experiments performed in quadruplicate. The
ﬁbronectin adhesion capacity of the SNA strains was compared to that of fnb S. aureus using the one-tailed Mann–Whitney test with an α risk of 0.05.
(∗∗∗p < 0.001; SNA: Staphylococcus non-aureus). (B) MG63 cells were infected for 2 h at 37◦C with staphylococci at a multiplicity of infection (MOI) of 100:1 for all
strains. The invasion and persistence capacities were assessed by quantifying the viable intracellular bacterial loads at 3 h and 24 h post-infection after gentamicin
treatment. Bars represent means ± standard deviations derived from three experiments performed in triplicate, and the results are expressed as the percentages of
initial inoculum internalized. (C) Quantiﬁcations of LDH release, reﬂecting cytotoxicity, were performed on culture supernatants at 24 h post-infection. All of the results
are expressed as the percentages of the values obtained for the control “uninfected cells” (100%), represented by the red line. Bars represent means ± standard
deviations derived from three experiments performed in triplicate. The increase in the LDH concentration in the cells infected with an SNA strain compared to the
uninfected control cells was evaluated using a one-tailed Mann–Whitney test with an α risk of 0.05 (∗∗∗p < 0.001; LDH: lactate dehydrogenase; SNA:
Staphylococcus non-aureus; pi: post-infection).
α5β1, as described for S. aureus, an in vitro model comparing
two murine osteoblast cell lines, OB-β1
ﬂ/ﬂ and OB-β1
−/− (i.e.,
with and without β1 integrins, respectively), was used (Figure 3).
We evaluated the internalization ability of S. aureus 8325-4
(positive control), S. aureus DU5883 (negative control), and
S. pseudintermedius LMG 22219 (reference strain). As expected,
although the rate of internalization of the OB-β1
ﬂ/ﬂ cells reached
1.14 ± 0.41% of the inoculum for S. aureus 8325-4, a complete
loss of internalization was observed for the OB-β1
−/− cells
(0.01 ± 0.01%, p < 0.001). Similarly, the S. pseudintermedius
strain demonstrated a high capacity of internalization among
OB-β1
ﬂ/ﬂ cells (3.12 ± 1.2% of the inoculum), but this capacity
was abolished in OB-β1
−/− cells (0.03 ± 0.02%, p < 0.001).
Of note, internalization of S. pseudintermedius into OB-β1
ﬂ/ﬂ
osteoblasts was 2.7-fold higher than the internalization of the
S. aureus strain (p < 0.001). These data demonstrated that the
mechanism underlying S. pseudintermedius internalization is β1
integrin dependent.
DISCUSSION
The aim of the present study was to investigate the ability
and impact of internalization of various SNA species into
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FIGURE 2 | Fibronectin adhesion and internalization of 17
S. pseudintermedius clinical isolates into MG63 osteoblasts.
(A) Adhesion of the isolates to human ﬁbronectin was evaluated by measuring
the absorbance at 620 nm normalized to the reference strain S. aureus. Plots
and means were derived from three experiments performed in triplicate. The
difference in the capacity of the SNA strains to adhere to ﬁbronectin
compared to DU5883 fnb S. aureus was assessed using the Mann–Whitney
one-tailed test with an α risk of 0.05 (∗∗p < 0.01, ∗∗∗p < 0.001; OD: optical
density). (B) Capacity of internalization of S. pseudintermedius clinical isolates
into MG63 osteoblasts. Bars represent means ± standard deviation derived
from two experiments performed in triplicate, and the results are expressed as
percentages relative to the initial inoculum († = 0.01 ± 0.01%).
osteoblasts, a mechanism implicated in the chronicity of BJIs.
A screening approach using 15 reference strains of 15 diﬀerent
SNA species was used to evaluate the capacity of SNA isolates
to (i) adhere to ﬁbronectin, (ii) become internalized and
persist intracellularly, and (iii) induce the death of human
FIGURE 3 | Determination of the involvement of β1 integrin in the
S. pseudintermedius internalization process using murine osteoblast
cell lines (OB-β1
ﬂ/ﬂ and OB-β1
−/−) with functional and non-functional
β1 subunits, respectively. Internalization capacity of S. aureus 8325-4
(positive control), DU5883 S. aureus fnb (negative control) and the reference
strain S. pseudintermedius LMG 22219 in OB-β1
ﬂ/ﬂ and OB-β1
−/−
osteoblasts measured 3 h post-infection derived from three experiments
performed in triplicate. The bilateral Mann–Whitney test was used to compare
the data obtained for the OB-β1
ﬂ/ﬂ and OB-β1
−/− osteoblasts at an α risk of
0.05 (∗∗∗p < 0.001).
osteoblasts. Our results revealed a homogeneous behavior
among the diﬀerent investigated virulence phenotypes for
most of the SNA species tested. Indeed, all of the species
except one (14/15) were unable to adhere to ﬁbronectin, to
become internalized, to persist in the intracellular compartment
and to induce cytotoxicity in human osteoblasts. These
observations suggest that internalization into NPPCs is likely
not a major pathophysiological mechanism associated with
the chronicity and/or recurrence of BJIs with most SNA
species.
To our best knowledge, this is the ﬁrst study to compare
the interactions between human NPPCs and a large panel
of staphylococcal species under the same experimental
conditions. This screening approach, using one strain
per species, was used to quickly identify possible atypical
features of an SNA species. However, this approach may
also represent a limitation because our results may not be
generalizable at the species level. Nevertheless, the few studies
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of SNA species that have included a panel of strains have
reported that internalization into NPPCs is a feature shared
among SNA species (Valour et al., 2013; Campoccia et al.,
2015).
In contrast to the other tested species, S. pseudintermedius
showed a signiﬁcant capacity to adhere to ﬁbronectin, to
become internalized and to persist in osteoblasts, even more
so than S. aureus. Using a complementary panel of 17
S. pseudintermedius clinical isolates, we conﬁrmed that all of
the tested isolates except one (strain n◦15) exhibited the same
phenotype as the reference strain. Interestingly, the strain that
was unable to invade osteoblasts was also the only strain
unable to adhere to ﬁbronectin. This observation suggested the
involvement of ﬁbronectin in the internalization process and,
as a consequence, indicated that ﬁbronectin-binding proteins
expressed on the bacterial surface could play a role in the
internalization process of S. pseudintermedius, as demonstrated
in S. aureus, via interactions with FnBPA and FnBPB, which
are encoded by the fnbA and fnbB genes, with ﬁbronectin.
However, Bannoehr et al. (2011) reported the absence of the
fnbA and fnbB genes from the genomes of S. pseudintermedius
available in the NCBI database but the presence of two
cell wall-anchored (CWA) proteins, SpsD and SpsL, could
putatively bind to ﬁbronectin. Concomitantly, in line with
our results, a recent study showed that S. pseudintermedius
is able to be internalized by canine progenitor epidermal
keratinocytes (CPEKs), another type of NPPCs (Pietrocola et al.,
2015). The authors demonstrated that either SpsD or SpsL is
suﬃcient for the internalization of S. pseudintermedius into
CPEKs. Here, we detected the presence of these two genes
in all of the clinical isolates of this species, including the
only isolate that exhibited no adhesion to ﬁbronectin and
no internalization. Moreover, using the murine osteoblast cell
lines OB-β1
ﬂ/ﬂ and OB-β1
−/−, we showed that internalization
was abolished when the interaction between the bacteria and
cellular β1 integrin is compromised. This ﬁnding conﬁrmed
a key role of this integrin in the bacterial internalization
process. These results are in agreement with the observations
of Pietrocola et al. (2015) who used a diﬀerent approach
based on α5β1 integrin-blocking antibodies. Taken together,
the results concerning the S. pseudintermedius cellular invasion
process appear to be consistent with those for S. aureus, in
which 3 eﬀectors are involved in the invasion process: (i)
the CWA proteins SpsD and SpsL, as opposed to FnBPA
and FnBPB in S. aureus; (ii) ﬁbronectin; and (iii) the α5β1
integrins of human and canine NPPCs. This evidence suggests
that this mechanism is independent of the cell type and
origin.
In addition, after internalization, the intraosteoblastic lifestyle
of S. pseudintermedius was associated with a high level of
cytotoxicity, even greater than that observed for S. aureus 8325-
4 and a large panel of clinical S. aureus isolates (data not
shown). This result suggests that S. pseudintermedius likely
expresses several speciﬁc virulence factors in the intracellular
compartment. Pietrocola et al. (2015) hypothesized that a
leukotoxin similar to the S. aureus Panton-Valentine leucocidin
(PVL) termed Luk-I, which is encoded by the two co-transcribed
genes lukS and lukF, may be involved in S. pseudintermedius
virulence (Bannoehr and Guardabassi, 2012; Cheung et al.,
2014). In fact, it has been demonstrated that similar to PVL,
Luk-I targets human polymorphonuclear leukocytes (Riegel
et al., 2011). Moreover, we and others demonstrated that the
intracellular cytotoxicity of S. aureus is related to phenol-soluble
modulin (PSM) expression, although PVL does not contribute to
the intracellular cytotoxic activity of the bacteria on osteoblasts
(Rasigade et al., 2013). Thus, regarding the invasion process,
the mechanism is likely similar for S. pseudintermedius, for
which cell death is likely involved in the expression of PSMs,
whose genes are present in all available S. pseudintermedius
genomes (Cheung et al., 2014). Notably, the presence of PSMs
has been described in the SNA species, although they are
unable to be internalized by osteoblasts, as demonstrated in
our study. In addition to their involvement in intracellular
cytotoxicity, PSMs have been associated with pleiotropic activities
(bioﬁlm formation and spreading processes) that could play a
role in infections with these species (Tsompanidou et al., 2013;
Dastgheyb et al., 2015).
Our results raise interesting questions about
S. pseudintermedius. In fact, the invasion process of
S. pseudintermedius mirrors that of S. aureus, as cellular
invasion involved the SpsD and SpsL proteins for the former and
the FnBPA and FnBPB proteins for the latter. The mechanism
of NPPCs cytotoxicity also appears to be similar between these
species. In fact, even if S. pseudintermedius is not a common
agent of human disease, it is a major veterinary pathogen
responsible for a high proportion of canine infections, including
cutaneous infections (such as pyoderma) associated with
purulent necrotizing infections (Bannoehr and Guardabassi,
2012) and BJIs (Miedzobrodzki et al., 2010). These severe
forms of infection are in agreement and likely for a part related
to the high cytotoxicity observed after S. pseudintermedius
invasion into host cells. The reason underlying the low
prevalence of S. pseudintermedius in human infections is
questionable and is in opposition to the intensive and close
contact between humans and pets in which a high prevalence
of S. pseudintermedius is observed, primarily among dogs
[including an increasing prevalence of methicillin-resistant
S. pseudintermedius (Duim et al., 2015)]. Indeed, only a few
sporadic human of S. pseudintermedius infection have been
reported, mostly after contact with dogs (Van Hoovels et al.,
2006; van Duijkeren et al., 2011). These ﬁndings can be explained
by a speciﬁc host tropism, related to the diﬀerential ability
of S. pseudintermedius and S. aureus to colonize dogs and
humans, respectively. Hanselman et al. (2009) reported rates of
S. pseudintermedius colonization of 4.1% in humans but of 46%
in dogs. This diﬀerence could be associated with the presence
of (i) speciﬁc factors, such as microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs), in each
of the two staphylococcal species and/or (ii) speciﬁc cell-surface
targets of MSCRAMMs present on mucosal cells. This hypothesis
is reinforced by the ﬁndings of a recent study that compared the
adhesiveness of human and canine strains of S. pseudintermedius.
The results showed that the canine strain adheredmore eﬃciently
to canine corneocytes than to human corneocytes. Furthermore,
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strains isolated from humans exhibited similar adhesion abilities
between the two cell types; this result suggested an adaption
of these strains to colonize a new host (Latronico et al.,
2014).
CONCLUSION
Screening of a large panel of SNA species showed that
persistence in NPPCs is likely not a widespread and
predominant pathophysiologic pathway underlying the
chronicity of infection with SNA, especially BJI. These
ﬁndings emphasize the need for studies focused on bioﬁlm
formation by SNA species that are implicated in BJIs, which
can represent another pathophysiological pathway of BJI
persistence. S. pseudintermedius appears to be an exception,
as this species exhibited abilities to invade and then induce
cytotoxicity to NPPCs that were similar to the characteristics
of S. aureus. This evidence could explain the severe and
necrotic forms of infection caused by S. pseudintermedius in
pets, which exhibit a high prevalence of S. pseudintermedius
infection.
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Staphylococcus pseudintermedius is responsible for severe and necrotizing infections in
humans and dogs. Contrary to S. aureus, the pathophysiological mechanisms involved
in this virulence are incompletely understood. We previously showed the intracellular
cytotoxicity induced after internalization of S. pseudintermedius. Herein, we aimed to
identify the virulence factors responsible for this cytotoxic activity. After addition of
ﬁltered S. pseudintermedius supernatants in culture cell media, MG63 cells, used as
representative of non-professional phagocytic cells (NPPc), released a high level of LDH,
indicating that the cytotoxicity was mainly mediated by secreted factors. Accordingly,
we focused our attention on S. pseudintermedius toxins. In silico analysis found the
presence of two PSMs (δ-toxin and PSMε) as well as Luk-I leukotoxin, the presence
of which was conﬁrmed by PCR in all clinical strains tested (n = 17). Recombinant
Luk-I leukotoxin had no cytotoxic activity on NPPc but the ectopic expression of the
CXCR2 receptor in U937 cells conferred cytotoxity to Luk-I. This is in agreement with
the lack of Luk-I effect on NPPc and the previous report of Luk-I cytoxic activity on
immune cells. Contrary to Luk-I, synthetic δ-toxin and PSMε had a strong cytotoxic
activity on NPPc. The secretion of δ-toxin and PSMε at cytotoxic concentrations by
S. pseudintermedius in culture supernatant was conﬁrmed by HPLC-MS. In addition,
the supplementation of such supernatants with human serum, known to inhibit PSM,
induced a complete abolition of cytotoxicity which indicates that PSMs are the key
players in the cytotoxic phenotype of NPPc. The results suggest that the severity of
S. pseudintermedius infections is, at least in part, explained by a combined action of
Luk-I that speciﬁcally targets immune cells expressing the CXCR2 receptor, and PSMs
that disrupt cell membranes whatever the cell types. The present study strengthens the
key role of PSMs in virulence of the different species belonging to Staphylococcus genus.
Keywords: Staphylococcus pseudintermedius, pore-forming toxins, phenol-soluble modulins, leukotoxin Luk-I,
CXCR2 receptor, cytotoxicity, non-professional phagocytic cells, polymorphonuclear neutrophils
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INTRODUCTION
Staphylococcus pseudintermedius is a skin and mucous
commensal bacterium in dogs, with carriage reaching more
than 80% in some populations of healthy dogs (Rubin and
Chirino-Trejo, 2011; Bannoehr and Guardabassi, 2012). This
species is also the most frequent bacterial pathogen in clinical
canine specimens mainly from skin wounds but also the
ears, bones or post-surgical abscesses (Fazakerley et al., 2009;
Miedzobrodzki et al., 2010; Bannoehr and Guardabassi, 2012).
In addition to this virulence proﬁle, methicillin-resistance in
S. pseudintermedius (MRSP) has emerged worldwide over the
two last decades and the treatment of S. pseudintermedius
infections is now considered as a clinical challenge in veterinary
medicine. In addition, S. pseudintermedius is increasingly
isolated in human infections, mainly after contacts with dogs
(Somayaji et al., 2016). Thus, since the ﬁrst human case was
described in 2006 (endocarditis occurring after the implantation
of a cardioverter-defribrillator device Van Hoovels et al., 2006),
sporadic community-acquired infections as well as nosocomial
outbreaks involving S. pseudintermedius have been reported
(Starlander et al., 2014; Somayaji et al., 2016).
Whether from canine or human origin, S. pseudintermedius
infections are classically severe due to necrotizing processes,
as illustrated in dermatitis and fasciitis in which a deep
destruction of cells and tissues are observed (Weese et al., 2009).
S. pseudintermedius, often described as the “dog’s golden staph,”
shares several features with S. aureus, notably the capacity to
express a variety of virulence factors such as: (i) proteolytic
enzymes including coagulase and protease (Garbacz et al.,
2013), (ii) microbial surface components recognizing adhesive
matrix molecules (MSCRAMMs), such as the staphylococcal
protein A, that are host surface proteins and participate to
the active tissue colonization and the evasion of the host
immune system (Bannoehr et al., 2011, 2012; Balachandran
et al., 2017), and (iii) toxins (Dziewanowska et al., 1996;
Futagawa-Saito et al., 2004). Among the latter, pore-forming
toxins (PFTs) have been extensively investigated for their ability
to damage plasma membranes and lead to cell lysis (Prévost
et al., 2001). Some of them induce cells death after the binding
of the toxin with receptors on cell surface. This is the case
for S. aureus bicomponent leukotoxins such as the Panton–
Valentine leukocidin (PVL) or the leukotoxin ED (LukED) which
act only on immune cells because of the interaction with cell
receptors C5a or CXCR2, respectively (Reyes-Robles et al., 2013;
Spaan et al., 2013). S. pseudintermedius produces a bicomponent
leukotoxin, Luk-I, composed of the secreted LukS-I and LukF-I
proteins that induce cell lysis. This activity has been reported only
on PMNs and to date, no receptor has yet been identiﬁed (Prevost
et al., 1995). Recently, in vitro studies underlined the highly
virulent behavior of S. pseudintermedius on non-professional
phagocytic cells (NPPc) such as canine keratinocytes, human
epithelial cells and human osteoblasts, which are the most
impacted cells during S. pseudintermedius infections (Pietrocola
et al., 2015; Maali et al., 2016). Pietrocola et al. suggested that
the S. pseudintermedius bicomponent leukotoxin Luk-I could
also be involved in the cell death observed after internalization
of S. pseudintermedius in NPPc (Pietrocola et al., 2015). To
the best of our knowledge, this hypothesis has yet to be
investigated. Phenol-soluble modulins (PSMs) represent another
class of membrane damaging staphylococcal toxins. This class of
amphipathic proteins has alpha-helical structure, and has a direct
and receptor-independent action on the lipid bilayers of cells
(Peschel and Otto, 2013). Various types of PSMs (α, β, δ-toxin. . . )
have been described and are highly conserved among S. aureus
or Staphylococcus non-aureus (SNA) strains (Cheung et al., 2014;
Cameron et al., 2015; Da et al., 2017); whole genome sequencing
analysis of S. pseudintermedius has revealed the presence of
several PSMs: δ-toxin, PSMβ, and PSMε (Cheung et al., 2014).
Taking into consideration all of these elements, we sought
to identify the virulence factors involved in the cytolytic eﬀect
on NPPc and immune cells related to severe and necrotizing
S. pseudintermedius infections. Using in vitro cellular models
(immune cells, NPPc, and transfected cells) and puriﬁed
synthetic or recombinant toxins, bacterial culture supernatants
with or without PSMs inhibitors; we identiﬁed the membrane
receptor of Luk-I present on immune cells and demonstrated the
speciﬁc S. pseudintermedius cytolytic activity of PSMε and δ-toxin
on both NPPc and immune cells.
MATERIALS AND METHODS
Human Ethics Statement
This study was approved by the French South-East ethics
committee (reference number 2013-018). In accordance with
French legislation, written informed patient consent was not
required for the use of the collected clinical isolates.
Bacterial Strains and Culture Media
A collection of 17 human and animal clinical S. pseudintermedius
isolates was used. Characteristics of the isolates are summarized
in Table 1. Identiﬁcations of all strains were conﬁrmed using
matrix-assisted laser desorption ionization time-of-ﬂight mass
spectrometry (MALDI-TOF-MS; VITEK R© MS, bioMérieux,
Marcy-L’Etoile, France) (Silva et al., 2015). The strains S. aureus
LAC USA300 and its isogenic mutant S. aureus LAC psm (α,
β, δ), kindly provided by Frank Deleo (National Institutes of
Health, Hamilton, MT, US) were used as positive and negative
controls, respectively, for cytotoxicity experiments (Wang et al.,
2007; Davido et al., 2016).
Screening, Diversity, and Puriﬁcation of
S. pseudintermedius Toxins
Screening for the presence of lukF-I and lukS-I genes encoding
leukocidin Luk-I, psmε that encodes PSMε, and hld that encodes
δ-toxin was performed in the S. pseudintermedius isolates by
PCR. Oligonucleotides and annealing temperatures are presented
in the Supplementary Table 1. The resulting PCR products were
sequenced (Bioﬁdal, Lyon, France) and aligned using SeaView
(Version 4.6.3; PRABI, Lyon, France) to investigate the genetic
polymorphism of each gene (Gouy et al., 2010).
Puriﬁed toxins were then obtained by recombinant or
synthetic production. For Luk-I, lukS-I and lukF-I genes
were ampliﬁed by PCR using chromosomal DNA of
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TABLE 1 | Description of the strains used.
Species Strains Origin
S. aureus LAC USA300 WT Human blood
S. aureus LAC USA300 psm (α,β,δ) Human blood
S. pseudintermedius LMG 22219 Feline lung tissue
S. pseudintermedius LMG 22220 Horse skin lesion
S. pseudintermedius N900260 Human skin lesion
S. pseudintermedius N930300 Human nasal carriage
S. pseudintermedius N940453 Human blood culture
S. pseudintermedius N950082 Human cerebrospinal ﬂuid
S. pseudintermedius LY19990344 Human skin lesion
S. pseudintermedius ST20091777 Human pacemaker
S. pseudintermedius ST20101529 Human bone biopsy
S. pseudintermedius ST20112488 Human aspiration
S. pseudintermedius ST20112499 Human blood culture
S. pseudintermedius ST20120906 Human drain ﬂuid
S. pseudintermedius ST20121859 Dog skin pustule
S. pseudintermedius ST20141177 Human hip prosthesis
S. pseudintermedius ST20141277 Human leg abscess
S. pseudintermedius ST20141366 Human nasal carriage
S. pseudintermedius ST20141676 Human skin lesion
S. pseudintermedius LMG 22219 using ﬂanking primers,
the sequences of which are presented in Supplementary Table 1.
PCR products were codigested with BamHI and SalI enzymes
(New England Biolabs, Ipswich, MA,US) then puriﬁed using
the High Pure PCR Product Puriﬁcation kit (Roche, Meylan,
France) and ligated using T4 DNA Ligase (Promega, Madison,
WI, USA) into the pQE-30 plasmid (Qiagen, Courtaboeuf,
France). The resulting pQE-lukS-I and pQE-lukF-I plasmids
were transformed into E. coli strain M15. Recombinant His-
tagged toxins were expressed in LB medium and puriﬁed with
Ni-nitrilotriacetic acid columns (Qiagen) before being dialyzed
against phosphate-buﬀered saline (PBS). After protein purity was
checked using SDS-PAGE and protein quantiﬁcation performed
using the Bradford method, LukS-I and LukF-I were combined
and used for the cytotoxicity assays described below.
For PSMs, amino acid sequences corresponding to PSMε and
the two variants of δ-toxin (variant ED99 and variant HKU10-03)
were synthetized and puriﬁed to >90% by Genecust (Dudelange,
Luxembourg) using high-performance liquid chromatography
(HPLC).
HPLC-MS Analysis of PSMε and δ-Toxin
Secreted in Bacterial Supernatants
Staphylococcal supernatants of tested strains were prepared by
growing staphylococci bacteria in brain heart infusion (BHI)
medium (bioMérieux) in a rotary shaker (190 rpm) at 37◦C for
22 h, followed by centrifugation for 10min at 3,000 × g. The
ﬁltered supernatants were stored at −80◦C before being tested.
For PSM quantiﬁcation, bacterial supernatants were diluted 1:5
in methanol at 4◦C, and incubated for 10min at 4◦C for cold
precipitation to eliminate particulate matter. After centrifugation
at 10,000×g for 5min, PSMε and δ-toxin (variant ED99 and
variant HKU10-03) were quantiﬁed using a targeted approach by
HPLC—mass spectrometry (HPLC-MS) in an Agilent R© system
as described previously (Hodille et al., 2016).
Synthetic or Recombinant
S. pseudintermedius Toxins Cytotoxic
Assay
All cell culture reagents were obtained from Gibco (Paisley,
United Kingdom). Human MG63 osteoblastic cells (LGC
Standards, Teddington, UK), an NPPc cell line, were cultured in
Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 2mM
L-glutamine and 25mM HEPES and supplemented with 10%
heat-inactivated fetal bovine serum (FBS) as well as 100 U/mL
penicillin and streptomycin. Cells were passaged twice a week
and were used in experiments up to passage 20 after being thawed
from a stock culture.
U937 cells (human promyelocytic cell line) and U937 cells
stably transfected with human C5a receptor (U937-C5aR), or
with the CXCR2 (U937-CXCR2) kindly provided by Jos A.
G. Van Strijp (Department of Medical Microbiology, Utrecht,
Netherlands), were cultured at 37◦C, 5% CO2 in Roswell Park
Memorial Institute medium (RPMI) 1640 containing 10% heat-
inactivated FBS (Kew et al., 1997).
Human polymorphonuclear neutrophils (PMNs) collected
from the blood of healthy donors were isolated by density
gradient centrifugation on Ficoll/Histopaque (Sigma-Aldrich)
(Veldkamp et al., 2000). Viability of PMNs was determined by
trypan blue exclusion and ranged from 95 to 99%. PMN were
maintained at 37◦C, 5% CO2 in RPMI 1640 containing 10%
heat-inactivated FBS.
The cytotoxicity induced by the staphylococcal toxins was
evaluated by measuring propidium iodide (PI) incorporation in
to cells exposed to toxins using a ﬂuorescence cell sorter (Spark R©,
TECAN, Zürich, Switzerland). Brieﬂy, MG63 osteoblasts were
seeded at 104 cells per well on 96-well tissue culture plates
(Falcon, Le Pont de Claix, France) in 100 μL of culture media.
After 24 h, the cells were washed three times with 100 μL of PBS
(Gibco). Immune cells (U937 and PMN) at 105 cells per well
were seeded in tissue culture plates the day of the experiment.
All cells were incubated for 3 h at 37◦C with toxins and PI (1.25
μg.mL−1). For the Luk-I toxin, 0.5 to 5 μg.mL−1 were tested
after dilution in culture medium. For PSMε and the two δ-toxin
variants, 0.1 to 100 μg.mL−1 were tested after dilution in DMEM
(Flammier et al., 2016).
The negative control (Cneg) corresponded to the same
experiment without toxin. The positive control (Cpos) was
obtained using complete cell lysis solution (Triton X100 0.1%).
As previously described, cell lysis due to toxins was expressed as
percentages using the following formula: % =
Test−Cneg
Cpos−Cneg × 100
(Hodille et al., 2016).
S. pseudintermedius Culture Supernatants
Cytotoxicity Assay
Because of the high autoﬂuorescence of BHI medium, the
cytotoxic eﬀect of culture supernatant on NPPc could
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not be performed using IP incorporation. To circumvent
this issue, cytotoxicity was evaluated by measuring Lactate
dehydrogenase (LDH) release in the cell culture supernatant
using a colorimetric method (Dimension Vista automated
clinical chemistry analyzer, Siemens Healthcare Diagnostics,
Tarrytown, NY, USA). In parallel, the cytotoxic eﬀect of the
supernatant was investigated by microscopy; after being ﬁxed
using formaldehyde 4% for 20min, and stained 30min using
Giemsa stain, modiﬁed solution (Sigma-Aldrich) according to
the manufacturer’s instructions, cells were observed under a
light microscope Leica DMi1 (Leica Microsystems, Wetzlar,
Germany) at a magniﬁcation of ×20. The supernatant
from cytotoxic S. aureus LAC USA300 strain was used as
positive control, and sterile BHI medium was used as negative
control.
Osteoblasts were seeded at 100,000 cells per well on 24-
well tissue culture plates (Falcon) in 1mL of culture media.
After 24 h, the cells were washed twice with 1mL of DMEM
before the addition of ﬁlter-sterilized (0.22μm) staphylococcal
culture supernatants. Serum inhibition of PSM cytotoxic activity
in supernatant was tested using pooled human serum obtained
from healthy donors provided by the French national public
blood service (Etablissement Français du Sang, Lyon, France).
Filter-sterilized supernatants were mixed with or without 5%
inactivated human serum for 10min at room temperature
(Surewaard et al., 2012). Then, NPPC (osteoblasts) were
incubated for 4 h at 37◦C, 5% CO2.
Statistical Analysis
Non-parametric statistical Mann-Whitney U-tests and B tests
with a threshold of signiﬁcance of 0.05 were used to
determine statistically signiﬁcant diﬀerences. All analyses were
performed using XLSTAT software (Pearson Edition, developed
by Addinsoft v.2014; New York, NY, US).
RESULTS
Cytolytic Activity of S. pseudintermedius
Supernatants
Knowing that the supernatant of S. pseudintermedius is able
to induce the death of human PMNs (Riegel et al., 2011), we
speciﬁcally performed an in vitro cytotoxic assay to evaluate
its capacity to also kill non-immune cells, such as NPPc. First,
cytolytic activity expressed as the means ± standard deviations
quantiﬁed by LDH release from osteoblasts incubated with
S. pseudintermedius LMG 20220 culture supernatant (773 ±
92%), was signiﬁcantly higher than those observed in the
control condition (100 ± 12%, p < 0.001; Figure 1A). Like
S. pseudintermedius, S. aureus culture supernatant has a high
cytotoxic eﬀect on NPPc. Second, the microscopic observations
FIGURE 1 | Effect of S. pseudintermedius supernantant on NPPc (MG63). MG63 cells were incubated with staphylococcal supernatants for 4 h at 37◦C. (A)
Quantiﬁcation of LDH release, reﬂecting NPPc lysis by staphylococcal supernatant. All of the results are expressed as the percentages of the values obtained for the
control (BHI medium alone, 100%). Bars represent means ± standard deviations derived from 3 experiments performed in triplicate. The difference in the LDH
concentration in staphylococcal supernatants condition compared to BHI medium alone was evaluated using a one-tailed Mann-Whitney test with a α risk of 0.05
(***p < 0.001). (B) MG63 lysis after 4 h in contact with staphylococcal supernatant. The cells were stained with Giemsa, and observed for morphological changes by
light microscopy at a magniﬁcation of ×20. Bars, 500μm. LDH, Lactate dehydrogenase; NPPc, Non-professional phagocytic cells.
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indicated a high cytotoxic action of the supernatant from
S. pseudintermedius LMG 20220 on MG63 cells, as demonstrated
by the lysis area compared to the uniform cell layer observed in
the control condition; the same phenotypic proﬁle was observed
for the hyper virulent strain S. aureus LAC USA300 (Figure 1B).
These results demonstrate that the cytotoxicity induced by
S. pseudintermedius is mediated by secreted virulence factors,
which prompted us to investigate the speciﬁc bacterial factors
involved, especially among staphylococcal toxins with cellular
tropism.
Luk-I Toxin Distribution and Activity
PCR experiments found that all S. pseudintermedius isolates were
positive for lukF-I / lukS-I genes. The use of recombinant Luk-I
(combining LukS-I and LukF-I) allowed us to speciﬁcally analyze
FIGURE 2 | Cytolytic activity of S. pseudintermedius leukotoxin Luk-I.
(A) Leukotoxin Luk-I toward NPPc (MG63) and immune cells (human PMNs).
(B) Leukotoxin Luk-I activity on wild-type U937 cells and U937 cells
expressing the C5a or CXCR2 receptors. Cells were incubated with increasing
doses of recombinant Luk-I (from 0.5 to 5 μg.mL−1) for 3 h at 37◦C. Cell
death was measured by staining cells with propidium iodide (PI) and detected
with a ﬂuorescence cell sorter. The percentage of cell lysis was calculated as
% = Test−TnegTpos−Tneg × 100. The values represent the means ± standard deviations
derived from one experiment performed in triplicate representative of two
others. NPPc, Non-professional phagocytic cells; PMNs, Polymorphonuclear
neutrophils; PI, Propidium iodide; U937-C5a, U937 cells transfected with C5a
receptor; U937-CXCR2, U937 cells transfected with CXCR2 receptor.
in vitro the cytotoxic capacity of this toxin. PMNs were used
as control because the activity of Luk-I on these cells has been
previously described (Prevost et al., 1995). As expected, a very
high cytotoxic activity was observed for the PMNs cells, and
this was found at the lowest concentration of recombinant Luk-I
tested (0.5 μg.mL−1; Figure 2A). Conversely, the same toxin had
no cytotoxic activity against NPPc for all tested concentrations
(from 0.5 to 5 μg.mL−1). In order to identify the mechanism of
this speciﬁc activity for PMNs, we tested the activity of toxins on
wild-type U937 cells and transfected U937 cells that express the
C5a or CXCR2 receptors; Luk-I had a high cytotoxic action only
on cells that expressed the CXCR2 receptor (Figure 2B). This
result suggests that the toxin Luk-I exhibits a tropism for myeloid
cells expressing the CXCR2 receptor.
Genetic Characterization, Distribution, and
Production of PSMε and δ-Toxin in
S. pseudintermedius
Due to the absence of activity for Luk-I on NPPc (MG63 cells),
we speculated that PSMs could be the key virulence factors
implicated in the S. pseudintermedius virulence observed on these
cells. Two PSMs with cellular tropisms have been identiﬁed in
S. pseudintermedius using in silico analysis based on the NCBI
database: PSMε and the δ-toxin, for which two variants (ED99
and HKU10-03) have been described (Cheung et al., 2014).
We therefore screened for the presence of these PSMs in the
collection of clinical strains. Sequencing of the PCR products
found the presence of psmε and hld in all S. pseudintermedius
isolates (n = 17). For δ-toxin, 14/17 isolates (82%) harbored the
variant ED99 while 3/17 (18%) harbored the variant HKU10-03
(Table 2).
To investigate the expression of these 3 PSMs, we quantiﬁed
the level of their secretion in the supernatant of strains
S. pseudintermedius LMG 20220 and S. pseudintermedius
ST20112488, which respectively secrete δ-toxin variant ED99
and variant HKU10-03 according to the genetic proﬁle
(Supplementary Figure 1). Both PSMε and the two δ-toxin
variants were detected and distinguished by HPLC-MS, and the
mean ± SD concentrations in culture supernatants ranged from
22.4± 2.8 μg.mL−1 to 159.3± 83.9 μg.mL−1 (Table 3).
Cytolysis Assay With Synthetic PSM
Peptides
In order to evaluate the cytotoxic eﬀect of PSMs that we
identiﬁed in the collection of S. pseudintermedius isolates,
synthetic PSMε and δ-toxin variants covering the ranges of
secreted concentrations were tested in an in vitro model
TABLE 2 | Amino acid sequence of S. pseudintermedius phenol-soluble modulins
(PSM).
PSM name/annotated as Amino acid sequence Prevalence
PSMε MFIIDLIKKVIEFLKGLFGNK 17/17
δ-toxin (ED99) MAADIISTIVEFVKLIAETVAKFIK 14/17
δ-toxin (HKU10-03) MAADIISTIVEFVKLIAETVEKFIKK 3/17
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(Figure 3). All types of PSMs tested were cytotoxic for NPPc in
a dose-dependent manner. Knowing that PSMs have a receptor-
independent and direct action on the lipid bilayers of cells,
as expected, human PMNs were also sensitive to the diﬀerent
S. pseudintermedius PSMs (Supplementary Figure 2).
Human Serum Inhibition on
Staphylococcal Culture Supernatant
To conﬁrm the hypothesis that the virulence observed on
the NPPc was mediated mainly by the PSMs secreted by
S. pseudintermedius, a serum inhibition assay was conducted
ﬁrstly on S. aureus LAC USA300 strains and its isogenic mutant
psm (α, β, δ) (Figure 4). LDH release results were expressed
as percentages of control condition (100%, medium alone). A
complete abolition of cytotoxicity capacity of S. aureus LAC
USA300 supernatant was found after the addition of human
serum (LDH release - 99.02 ± 7.14%). No signiﬁcant diﬀerence
was observed between S. aureus psm (α, β, δ) supernatant
in the presence or not of human serum. This result conﬁrmed
TABLE 3 | Phenol-soluble modulins (PSM) concentrations in S. pseudintermedius
supernatants.
S. pseudintermedius
isolates
Concentrations (μg.mL−1)
PSMε δ-toxin
(ED99)
δ-toxin
(HKU10-03)
S. pseudintermedius
ST20112488
35.54 ± 4.74 ND 102.34 ± 63.47
S. pseudintermedius
LMG 22220
22.40 ± 2.80 159.31 ± 83.91 ND
Stationary-phase culture ﬁltrates from 22h at 37◦C of two S. pseudintermedius isolates
were analyzed by high-performance liquid chromatography-mass spectrometry (HPLC-
MS). PSMs concentrations are expressed as the mean ± SD. (ND, Not detected).
FIGURE 3 | Cytolytic activity of S. pseudintermedius PSMs. MG63 cells were
incubated with increasing concentrations (from 0.1 to 100 μg.mL−1) of
synthetic PSMε, δ-toxin (ED99) or δ-toxin (HKU10-03) for 3 h at 37◦C. Cell
death was measured by staining cells with propidium iodide and detected with
a ﬂuorescence cell sorter. The percentage of cell lysis was calculated as
% = Test−TnegTpos−Tneg × 100. The values represent the means ± standard deviations
derived from one experiment performed in triplicate representative of two
others. NPPc, Non-professional phagocytic cells; PMNs, Polymorphonuclear
neutrophils; PSM, Phenol-soluble modulins; PI, Propidium iodide.
the speciﬁc eﬀect of human serum on PSM activity. Secondly,
similarly to that found with S. aureus LAC USA300, the cytolytic
activity of the strains S. pseudintermedius LMG 22220 (expressing
PSMε and δ-toxin variant ED99) and S. pseudintermedius
ST20112488 (expressing PSMε and δ-toxin variant HKU10-
03) were completely abolished in presence of human serum
addition (respectively, 1097.22 ± 143.84% vs. 106.71 ± 14.84%,
p< 0.001 and 1081.94± 224.04% vs. 96.68± 11.71%, p< 0.001).
Moreover, the cytotoxicity induced by synthetic PSMs peptides
was completely inhibited in presence of inactivated human serum
whereas Luk-I activity is not aﬀected (Supplementary Figure
3). The data indicates the preponderant PSM action in the
cytotoxicity of NPPc and consequently the key role of these in
the virulence of S. pseudintermedius.
DISCUSSION
S. pseudintermedius is an opportunistic pathogen responsible
for particularly severe infection both in humans and dogs. The
severity of these infections has been illustrated by several clinical
cases including cellulitis, purulent exudate, inﬂammation, and
necrosis (Weese et al., 2009; Stegmann et al., 2010; Riegel et al.,
2011; Mayer and Rubin, 2012; Lee et al., 2015; Darlow et al.,
2017; Robb et al., 2017). Contrary to S. aureus, for which a panel
of virulence factors have been identiﬁed and characterized in
the various pathophysiological contexts, knowledge about the
pathogenesis of S. pseudintermedius remains limited. Through
in vitro assays, the present study allowed us to identify the
key players of the high cellular virulence associated with
S. pseudintermedius infections.
The study found that the supernatant of S. pseudintermedius
had a strong cytotoxic eﬀect on NPPc suggesting that this
cytotoxicity is mediated, at least in part, by secreted virulence
factors. Several authors have suggested that Luk-I (present in
all S. pseudintermedius isolates tested) could be responsible for
cell death induction in NPPc (Garbacz et al., 2013; Pietrocola
et al., 2015). Herein, no cytotoxic activity was observed with
the recombinant Luk-I toxin against NPPc over the range of
concentrations tested, conversely to that found for PMN cells.
The lack of Luk-I activity on NPPc led us to draw parallels
with S. aureus leukotoxins that induce cell lysis only on immune
cells harboring speciﬁc receptors. To address this question, we
performed an in vitro assay with U937 promyelocytic cells
stably transfected with C5a and CXCR2 receptors, which are
respectively the target receptors of PVL and LukED leukotoxin.
The results indicate that Luk-I induces cell death via the
CXCR2 receptor speciﬁcally present on immune cells (PMNs,
macrophages) as previously reported for leukotoxin LukED for
S. aureus, explaining the absence of cytotoxicity observed in
NPPc. This feature is likely related to the high homology between
Luk-I and LukED (Spaan et al., 2017). Interestingly, this receptor,
found both in humans and dogs, also shares a high homology
(75%) (Hall et al., 2010).
Wang et al. have reported the contribution of a family of
pro-inﬂammatory and cytolytic staphylococcal peptide toxins,
called PSMs, in several diseasemanifestations (Wang et al., 2007).
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FIGURE 4 | Human serum action on staphylococcal culture supernatants. MG63 cells were incubated for 4 h at 37◦C with staphylococcal supernatants preincubated
with 5% heat-inactivated human serum or with 5% BHI. Results are expressed as the percentages of the values obtained for the control condition “medium
supplemented with BHI or human serum 5%” (100%), represented by the dotted line. Bars represent means ± standard deviations derived from three experiments
performed in triplicate. The difference in the LDH concentration in staphylococcal supernatants condition compared to the uninfected control cells was evaluated
using a one-tailed Mann-Whitney test with an α risk of 0.05 ***p < 0.001; NS, Non-signiﬁcant; BHI, Brain heart infusion; LDH, Lactate dehydrogenase; NPPc,
Non-professional phagocytic cells.
Moreover, Cheung et al. reported that PSMs δ, β, ε were present
in the genome of S. pseudintermedius through in silico studies
(Cheung et al., 2014). Herein, psmε and hld genes, encoding for
the two PSMs described in S. pseudintermedius able to induce
cytolysis, were present in all clinical isolates (Table 1) (Otto,
2014). Analysis by HPLC-MS of δ-toxin and PSMε showed that
these toxins were secreted at a high level (up to 100 μg.mL−1)
by clinical S. pseudintermedius strains in in vitro conditions.
Regarding the level of PSMs secreted in vivo, to the best of our
knowledge, only one study has reported data on S. aureus; on
in vivo samples of human pus, in which PSMs concentrations
were detected up to 20 μg.mL−1 (Hodille et al., 2016). Using
synthetic peptides, we found that all S. pseudintermedius PSMs
studied herein are able to induce osteoblast death in a dose-
dependent manner. These results conﬁrm the cytolytic action
of α-class PSMs for which it is well established in the literature
that these peptides can disrupt plasmamembranes independently
of cell type (Wang et al., 2007; Otto, 2014). Because most α-
type PSMs are sometimes too short to be annotated in genome
sequences and to yield signiﬁcant results in similarity analysis, in
silico studies do not allow the detection of all α-type psm genes
in a given genome. It would be of interest to more deeply explore
the potential presence of other PSMs involved in the virulence of
S. pseudintermedius.
The construction of isogenic mutant psm would have been
the classical way to deﬁnitively conﬁrm that PSMs are the main
factors responsible for S. pseudintermedius cytotoxicity on NPPc.
Unfortunately, isogenic gene deletion mutants are extremely
diﬃcult to obtain in this species, which is further compounded
by the multiplicity of PSMs and their functional redundancy,
making it necessary to produce sequential, multiple knockouts
for psm gene loci; such a construction was unsuccessful (data not
shown). Faced with this technical limit, we chose another strategy
which involved the addition of human serum that is known to be
speciﬁc inhibitors of PSM action (Surewaard et al., 2012). This led
to a complete loss of the cytotoxicity eﬀect of S. pseudintermedius
supernatant, attesting to the role of PSMs in the virulence of
S. pseudintermedius.
The results of the present study reinforce the central role
of PSMs in the virulence of staphylococci. These molecules
are widespread among staphylococcal species and participate in
pleiotropic action such as cytolysis (Rasigade et al., 2013; Da
et al., 2017), surface colonization (Tsompanidou et al., 2013),
bioﬁlm structure and bioﬁlm detachment (Wang et al., 2011).
S. pseudintermedius is preferentially involved in skin and soft
tissue infections with muco-purulent exudates, environments
in which these amphipathic toxins retain all their active
properties. In addition, S. pseudintermedius presents the rare
capacity to internalize into host cells, therefore the intracellular
compartment also constitutes a microenvironment for the
accumulation of PSMs and protection from serum lipoproteins
(Rasigade et al., 2013). Virulence of S. pseudintermedius is
explained mainly by PSMs acting both in the extracellular and
intracellular compartments of cells and by a selective action of
Luk-I toxins acting on immune cells expressing CXCR2 receptors
(Figure 5).
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FIGURE 5 | S. pseudintermedius toxins action on host cells. S. pseudintermedius can cause the necrosis of immune cells such as human polymorphonuclear
neutrophils (PMNs) through the release of bicomponent leukotoxin Luk-I which recognizes the CXCR2 receptor. S. pseudintermedius is also able to secrete other
membrane-damaging virulence factors: the phenol-soluble modulins (PSMs) which have a cytotoxic effect on both immune cells and NPPc.
The present study helps elucidate bacterial pathophysiological
mechanisms that could explain the severity of human and
animal infections related to S. pseudintermedius which behaves
similarly to S. aureus. Both harbor a variety of common
virulence factors including similar/homologous MSCRAMMs,
bi-component leukotoxin and PSMs, and both species are able
to induce clinically severe infections. In vitro, they exhibit
the same behavior toward human cells: they are similarly
able to attack, invade and lyse human cells. Interestingly,
while S. pseudintermedius infections are highly prevalent in
pets, especially in dogs, in which it colonizes in particular
mucocutaneous sites, such as the nose, mouth and anus with
a carriage rate that reaches 92% in some studies, human
S. pseudintermedius infections are scarce and classically occur
after contact with animals and in presence of skin barrier defects
(Allaker et al., 1992a,b; Rubin and Chirino-Trejo, 2011; Bannoehr
and Guardabassi, 2012). This could be explained by the carriage
rate in humans, which has been demonstrated to be very low
(Paul et al., 2011; Trouillet-Assant et al., 2015). In contrast,
S. aureus infections are very common in humans and related to
preexisting nasal carriage (self-contamination) or to transmission
from colonized health caregivers. This suggests that the host
speciﬁcity of the two species might be related to the speciﬁc
colonizing capacity of each species. Further studies deserve to be
conducted to explore this diﬀerential ability and to identify the
mechanisms.
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This study aims at genetic characterization and phylogenetic relationships of Nocardia brasiliensis focusing by using housekeeping
rrs, hsp65, and sodA genes. N. brasiliensis is the species responsible for 80% of cases of actinomycetoma, one form of cutaneous
nocardiosis which occurs mainly in tropical regions reaching immunocompetent patients in which the disease can lead to
amputation. We analyze 36 indigenous cases of N. brasiliensis that happened in France. Phylogenetic analysis targeting rrs gene
showed no robustness at phylogenetic nodes level. However, the use of a concatenation of hsp65 and sodA genes showed that the
tested strains surprisingly ranked in 3 well-defined genotypes. Genotypes 2 and 3 were phylogenetically closer to each other and
both diverged from genotype 1 sustained by a high bootstrap of 81%. This last genotype hosts all the cases of pulmonary forms (3),
the sole cerebral form, and almost all the cases of immunocompromised patients (3 out of 4). Moreover, excepting one of them,
all the strains belonging to this group present a susceptibility to imipenem which is not the case in the other genotypes that rarely
count among them strains being susceptible to this drug. The haplotype diversity (Hd) of hsp65 (0.927) and sodA (0.885) genes
was higher than that of rrs (0.824). For this gene, we obtained 16 polymorphic sites whereas, for hsp65 and sodA genes, up to 27
and 29 were identified, respectively.This study reveals that these two genes have an important genetic discriminatory power for the
evaluation of the intraspecies genetic variability ofN. brasiliensis and they may be useful for identification purposes at species level.
This study also reveals the possible existence of a new species harbored by genotype 1.
1. Introduction
Nocardia is a genus belonging to the aerobic actino-
mycetes group of bacteria which are Gram-positive bacilli
and showing branching filamentous forms [1]. They are
saprophytic ubiquitous bacteria which can be found in
several environments such as fresh water and saltwater,
soil, dust, decaying vegetation, and decaying fecal deposits
from animals [1]. Nevertheless, these environmental bac-
teria can be opportunistic pathogens and lead to human
???????
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infectious diseases called “nocardiosis” [2]. Nocardiosis can
be discriminated into two groups: invasive infection, mainly
caused by N. asteroides, presenting commonly as pneumonia
in patients who are immunocompromised, have underlying
chronic lung disease, and are with a possible dissemination
to other organs [3], and cutaneous infection via a cut
or abraded skin, which can be manifest clinically as (i)
abscess and cellulitis, (ii) lymphangitis, (iii) skin infection
secondary to dissemination, and (iv) actinomycetoma. This
latter group is the most amazing infection due to their
severity characterized by the presence of tumefaction, subcu-
taneous nodules, destructive granulomata, fistulas, and pus
[2, 4].
N. brasiliensis is the species isolated from the major-
ity (approximately 80%) of cases of cutaneous nocardio-
sis, especially in actinomycetoma [2]. This species is more
commonly isolated in areas with tropical or subtropical
climates such as SouthAmerica, Asia, andAfrica. Due to false
diagnosis, rural lifestyles, and poor access to care in these
countries, N. brasiliensis nocardiosis constitutes a real public
health problem that can lead, in the absence of treatment,
to amputations and death in young populations. On the
basis of epidemiological surveys conducted in France, the
number of cases of nocardiosis between 2000 and 2007
according to the French Nocardiosis Observatory (OFN)
was 607 with N. farcinica and N. nova being the most
frequent species [5]. However, no data currently exists on
the phylogenetic relationships between the indigenous N.
brasiliensis strains of tropical origin andnative strains isolated
in France. Routine genus/species identification of Nocardia
was based on macroscopic, microscopic, and biochemical
characteristics. The methods described by Boiron et al.
[6] were used to determine the decomposition of adenine,
casein, hypoxanthine, tyrosine, and xanthine. In addition to
the phenotype-based methods, species-level identification is
mainly genetically based, nowadays. Classically, 16S rRNA
(rrs) gene sequencing is generally used for the species-
level identification [7, 8], but it fails to discriminate among
some species of Nocardia because it does not have enough
polymorphism to differentiate them at the species level.
Multilocus sequence analysis (MLSA) using concatenated
sequences of several housekeeping genes such as superoxide
dismutase A (sodA) and heat shock protein 65 (hsp65)
has been increasingly used to provide higher accuracy and
discriminatory power in the molecular identification of
Nocardia spp. [9, 10]. Indeed, a recent study seeking to
identify newmolecular targets shows that the polymorphism
observed in the sodA gene sequence contains variable regions
that allow the discrimination of closely related Nocardia
species [9].
The aim of the present study was to perform a genetic
characterization and assess the phylogenetic relationships
of Nocardia brasiliensis focusing on using housekeeping
rrs, hsp65, and sodA genes, for 36 autochthonous N.
brasiliensis strains isolated in France and analyzed by
the OFN between 2002 and 2012. Phenotypic charac-
terization was also conducted by assessing antimicrobial
resistance profiles, metabolic profiles, and culture condi-
tion.
2. Materials and Methods
2.1. Bacterial Strains and Culture Media. A collection of 36
human clinical strains ofN. brasiliensis was studied (Table 1).
All strains were identified as such, at species level by the
FrenchNocardiosis Observatory (OFN) by genetic approach.
Moreover, six Nocardia reference strains belonging to N.
brasiliensis clade [9] were also used: N. brasiliensis ATCC
19296T (unknown), N. altamirensis DSM 44997T (karstic
cave), N. boironii DSM 101696T (pus sample), N. iowensis
DSM 45197T (garden soil), N. tenerifensis DSM 44704T
(rhizosphere), and N. vulneris DSM 45737T (human leg
wound). Prior to the assays, strains were cultured 72 hours
in Bennett medium (made in the laboratory) aerobically at
37∘C.
2.2. Growth Test on Culture Media. From 0.5McF bacterial
suspension, bacterial growth was evaluated on three culture
media: (i) bromocresol purple (BCP) (Biome´rieux, Marcy
l’e´toile), (ii) Bennett (made in the laboratory), and (iii)
Middlebrook (Biome´rieux, Marcy l’e´toile). One hundred
microliters from bacterial suspension standardized was inoc-
ulated on the different plate of culture media.The plates were
incubated at 37∘C and the observations were performed at 48,
72, and 96 hours.
2.3. Antimicrobial Susceptibility. The susceptibility of the
isolates to different antimicrobials was determined by disk
diffusion method with a panel of 31 antibiotics (Biorad,
Marnes-la-Coquette France) on Muller Hinton E medium
(Biome´rieux, Marcy l’e´toile, France). Susceptibility testing
was done with amikacin 30𝜇g, gentamycin 15 𝜇g, tobramycin
10 𝜇g, ciprofloxacin 5 𝜇g, levofloxacin 5𝜇g, moxifloxacin
5 𝜇g, minocycline 30 𝜇g, doxycycline 30 𝜇g, tigecycline 15 𝜇g,
cefotaxime 30 𝜇g, ceftriaxone 30 𝜇g, cefepime 30 𝜇g, cefurox-
ime 30 𝜇g, amoxicillin 25𝜇g, amoxicillin + clavulanic acid
20/10 𝜇g, ampicillin 10 𝜇g, ertapenem 10 𝜇g, meropenem
10 𝜇g, imipenem 10 𝜇g, vancomycin 30 𝜇g, pristinamycin
15 𝜇g, erythromycin 15 𝜇g, trimethoprim + sulfamethoxazole
1.25/23.75 𝜇g, rifampicin 30 𝜇g, and linezolid 30 𝜇g.
From visible colonies, bacterial suspension was done in
sterile water, using a cotton swab to obtain a concentration
of 0.5 McFarland according to the Clinical and Laboratory
Standards Institute standard M24-A2 [11]. Seeding was done
according to the swab method. In this latter, the bacterial
inoculum was spread on the agar using a sterile cotton swab
in three different directions. The disks were dispensed with a
dispenser and the plates were incubated at 37∘C for 72 hours
and read manually according to the thresholds defined in the
recommendations of the SFM 2013 [12].
2.4. Substrate Degradation. Themethods of Boiron et al. [6],
Goodfellow et al. [13, 14], and Goodfellow and Lechevalier
[15] were used to determine the decomposition of adenine,
casein, and uric acid [9]. Clinical strains ofN. brasiliensis and
the strains of species belonging to the N. brasiliensis clade
(N. brasiliensis, N. altamirensis, N. iowensis, N. tenerifensis,N.
boironii, and N. vulneris) were tested [9]. Strains N. boironii
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DSM 101696T, N. brasiliensis ATCC 19296T, and N. vulneris
DSM 45737T were incubated at 37∘C, and N. altamirensis
DSM 44997T, N. tenerifensis DSM 44704T, and N. iowensis
DSM 45197T were incubated at 28∘C [9]. The readings were
performed at 3, 7, 10, 14, 17, and 21 days.
2.5. Methods of DNA Extraction. DNA extraction from
Nocardia strains was performed with achromopeptidase
according to the method reported by Rodr´ıguez-Nava et al.
[10]. Colonies were picked off with a loop, and one loopful
was suspended in 200 𝜇L of sterile water containing a dozen
glass beads and vortexed for 5 minutes.Themixture was then
incubated for 15 minutes at 70∘C. The suspension supple-
mented with 3.4𝜇L of achromopeptidase (Sigma, Steinheim,
Germany) at 10U/mL was incubated at 55∘C for 15 minutes.
The suspensions were then centrifuged for 5 minutes at
13,000 rpm.The supernatants were stored at −20∘C until use.
2.6. Amplification and Sequencing
Gene rrs. A 606-bp fragment of the rrs gene was ampli-
fied with primers Noc1, 5󸀠-GCTTAACACATGCAAGTCG-
3󸀠, and Noc2, 5󸀠-GAATTCCAGTCTCCCCTG-3󸀠, and PCR
program and reactionmixture were carried out according the
recommendations of Rodr´ıguez-Nava et al. [10].
Gene hsp65. A 441-bp fragment of the hsp65 gene
encoding the 65-kDa heat shock protein was amplified
with primers described by Telenti et al. (TB11: 5󸀠-
ACCAACGATGGTGTGTCCAT-3󸀠 and TB12: 5󸀠-
CTTGTCGAACCGCATACCCT-3󸀠) [16]. PCR program
and reaction mixture were carried out according to the
recommendations of Sa´nchez-Herrera et al. [17].
Gene sodA. A 440-bp fragment of the sodA gene was
amplified and sequenced with primers SodV1 (5󸀠-CAC CAY
WSCAAGCACCA-3󸀠) and SodV2 (5󸀠-CCT TAGCGT TCT
GGT ACT G-3󸀠) where Y = C or T, W = A or T, and S =
C or G. The amplification was also done according to the
recommendations of Sa´nchez-Herrera et al. [17].
All resulting PCR products were sequenced and verified
(Biofidal, Lyon, France).
The breakpoints for identification based in sodA and
hsp65 genes are 99% for each one [17, 18]. For the rrs gene,
a higher breakpoint of 99.6% is used, according to CLSI [19].
2.7. Phylogenetic Analysis. The rrs gene sequences which we
obtained for the 36 clinical isolates of N. brasiliensis and the
reference strains were aligned manually for the comparative
phylogenetic analysis using the Seaview program.
MLSAwas performed using hsp65 and sodA sequences of
the strains collection. The trimmed aligned sequences were
concatenated in the order sodA-hsp65 to generate an 846 bp
sequence using the Seaview program. The Seaview program
was also used to infer the evolutionary trees according to the
neighbour-joining method [20] and Kimura’s two-parameter
model [21]. The robustness of the tree was performed with a
bootstrap of 1000 replicates.
Taking into account the breakpoints for identification
at species level of sodA and hsp65 genes individually, the
breakpoint for concatenated sequence has been also fixed at
99%.
2.8. DNA Polymorphism of rrs, hsp65, and sodA Genes.
The number of haplotypes, the haplotype diversity (Hd),
the number of polymorphic sites, and other variables were
obtained with DnaSP software [22].
3. Results
3.1. Growth on Culture Medium. The three culture media
allowed the growth of clinical strains of N. brasiliensis. The
Bennett medium showed abundant and rapid growth (48
hours). Middlebrookmedium showed strong growth but also
it was slightly slower (72 hours). The BCPmedium presented
interesting results with good rapid growth at 48 hours. N.
brasiliensis clade tested type strains showed similar patterns
to the clinical strains, except that N. boironii had a difficult
growth on BCP and no growth onMiddlebrook; this seems a
peculiarity of this species.
3.2. Antimicrobial Susceptibilities. Eight out of 31 antibiotic
molecules testedwere active on all the strains’ collection: line-
zolid, tigecycline, trimethoprim + sulfamethoxazole, moxi-
floxacin, amikacin, amoxicillin + clavulanic acid, tobramycin,
and gentamycin. Regarding the imipenem and pristinamycin
molecules, resistance was observed on themajority of clinical
isolates of N. brasiliensis (Table 1).
3.3. Degradation of Substrate. Theassimilation test of adenine
and uric acid proved negative for all the strains tested of the
N. brasiliensis clade including clinical and reference ones.The
casein degradation test showed that all clinical strains are
able to metabolize casein except the clinical strain 12.28. In
addition our result showed that some types of strains such
as N. vulneris, N. tenerifensis, N. boironii, and N. iowensis are
also able to degrade casein in the same way as N. brasiliensis
except N. altamirensis. Casein is ultimately a marker that can
be used for the phenotypic identification of theN. brasiliensis
clade and not theN. brasiliensis species as it has been believed
for many years.
3.4. Phylogeny. Primers Noc1 and Noc2 amplified the
expected 606-bp fragment of the rrs gene for all the col-
lection strains. Phylogenetic trees (Figure 1) based upon rrs
showed homogeneity within clinical strains of N. brasiliensis.
For this, the rrs gene is not relevant to show intraspecies
diversity.
In addition, based upon the concatenation of sodA and
hsp65 housekeeping genes, the phylogenetic tree generated
(Figure 2) had several distinct genotypes: (i) genotype 1
containing clinical strains, (ii) genotype 2 harboring some
clinical strains, and (iii) genotype 3 harboring some clinical
strains and N. brasiliensis ATCC 19296T. For the tropical N.
brasiliensis HUJEG01 strain, it is observed that it does not
belong to any of the 3 genotypes and is positioned alone
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N. brasiliensis HUJEG01
M. leprae
N. vulneris DSM 45737４
N. iowensis DSM 45197４
N. altamirensis DSM 44997４
N. boironii DSM 101696４
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N. tenerifensis DSM 44704４
N. cyriacigeorgica DSM 44484４
N. alba DSM 44684４
N. elegans DSM 44890４
N. abscessus DSM 44432４
N. farcinica DSM 43578４
N. fluminea DSM 44489４
N. brasiliensis ATCC 19296４
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OFN 10.82
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OFN 09.280
OFN 10.93
OFN 10.16
OFN 11.44
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OFN 10.35
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OFN 08.178
OFN 10.180
OFN 11.140
OFN 11.172
OFN 2985
OFN 05.63
OFN 12786
OFN 04.101
OFN 12.28
OFN 02.56
OFN 10.146
OFN 11.116
OFN 09.71
OFN 14229
OFN 9044
OFN 04.21
OFN 05.77
OFN 05.64
OFN 09.106
OFN 11.80
OFN 11.73
OFN 12.08
OFN 05.12
OFN 09.244
6
5
6
52
Figure 1: Phylogenetic distribution of rrs gene of 36 N. brasiliensis clinical strains analyzed in this study using neighbour-joining method,
Kimura’s two-parameter model, and bootstrap of 1000. Only values of bootstrap significance greater than 50% (Seaview) were reported.
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Figure 2: Phylogenetic distribution of concatenation sodA-hsp65 genes of 36 N. brasiliensis clinical strains analyzed in this study using
neighbour-joining method, Kimura’s two-parameter model, and bootstrap of 1000. Only values of bootstrap significance greater than 50%
were reported.
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in the tree between genotypes 1 and 2. This distribution
of clinical strains of N. brasiliensis in 3 different genotypes
shows an intraspecies diversity rather important. To better
understand the polymorphism showed by phylogenetic trees,
we studied the percentages of the similarities between the
sequences. The average percentages of similarities based
on the rrs gene (Table 2) range from 99.39% to 99.57%
between the clinical strains and the 2 reference strains of
N. brasiliensis (type and tropical strains). According to the
CLSI, the similarity percentage needed for identification at
species level must be greater than or equal to a threshold
of 99.6% [19]. The clinical strains that showed a similarity
percentage lower than this threshold for both reference
strains ofN. brasiliensiswere anyway considered as belonging
to this species because no higher similarity percentage was
obtained for any other species. In the same way, the N.
vulneris type strain was also revealed to be close to clinical
strains according to the average of percentage of similarity
(98.77%). Between the 2 reference strains of N. brasiliensis
the percentage of similarity is higher, up to 99.82%. The
percentages of similarities based on the concatenation of
the sodA-hsp65 genes (Table 2) decrease and range now
from 97.99% to 99.19% between the clinical strains and the
2 reference strains of N. brasiliensis. Between the type and
reference strains ofN. brasiliensis the percentage of similarity
does not reach 99% this time. The comparison of the 3
genotypes between them (based on the representation of each
genotype by 3 clinical strains) by using sodA-hsp65 genes
shows that genotypes 2 and 3 are closer to each other (98.97%
of similarity). The average of the percentages of similarity
between genotypes 1 and 2 were 97.97%. and 98.28% between
genotypes 1 and 3. Finally this value goes up to 98.97%
between genotypes 2 and 3. This means that the more distant
genotypes between them are 1 and 2 and the closer ones are 2
and 3.
In parallel, an epidemiological study based on the clinical
files was carried out, and the data were presented in Table 1.
In order to know the link between the genetic diversity and
the tropism of the clinical strains, a superposition of data
wasmade between the phylogenetic tree obtained by the con-
catenation of sodA and hsp65 and the tropism of the clinical
strains (Figure 2). Thus, we can see that in genotypes 2 and 3
we have almost all the clinical strains that have a cutaneous
tropism except the 08.188 strain which has a subcutaneous
tropism. Regarding genotype 1 it is more heterogeneous
with various tropism: (i) pulmonary, (ii) cerebral, and (iii)
cutaneous. Regarding the immunocompetence of patients,
we have only 4 patients who have immunodepression factors,
whose strains are in genotype 1 except the 10.93 strain which
is in genotype 3.
3.5. Analysis of rrs, hsp65, and sodA Genes Polymorphism.
The 36 clinical strains and 2 reference strains ofN. brasiliensis
studied showed (i) for rrs gene 16 polymorphic sites sharing
16 haplotypes and showing a Hd of 0.824; (ii) for hsp65 gene,
27 polymorphic sites and up to 22 different haplotypes with
a Hd of 0.927; and, (iii) for sodA gene, up to 29 polymorphic
sites sharing 14 haplotypes having a Hd of 0.885 (Table 3).
4. Discussion
Nocardia spp. are common soil-inhabiting bacteria that fre-
quently infect humans through traumatic injuries or inhala-
tion routes and cause infections, such as actinomycetoma
and nocardiosis, respectively. N. brasiliensis is the main
aetiological agent of actinomycetoma in various countries
[23]. The input data used in this study highlight the existence
of indigenous cases of cutaneous and subcutaneous (such
as actinomycetoma) nocardiosis caused by N. brasiliensis
in France. Moreover, we can observe that N. brasiliensis is
also responsible for severe cases of disseminated nocardiosis
in immunocompromised patients (pulmonary and cerebral
cases).
To determine whether there is an association between
clinical tropism of strains and their genetic profile we per-
formed genetic characterization of 36 indigenous cases of N.
brasiliensis that happened in France.
The three culture media allow the growth of clinical
strains ofN. brasiliensis. However, on Bennett’smediummore
abundant and fast growth (48 hours) was observed. But the
downside of this medium is its inaccessibility in the hospital
because it is not marketable. Middlebrook medium shows
strong growth but also it was slightly slower (72 hours).
This medium is very expensive and not accessible to all
budgets. However, it is an interesting alternative in isolating
Nocardia from a complex sample. It is a selective medium of
Mycobacteria, which promotes the growth of some Nocardia
to the detriment of other external bacteria or commensal
flora that may be in the biological sample analyzed. The
BCP medium, used routinely in hospitals for Gram-negative
bacteria, has interesting results with good fast growth (48
hours). It would therefore be advisable to use it as isolation
medium for urgent cases, by the speed of growth.
Antibiograms results show resistance of most of the clin-
ical strains to imipenem.This can pose therapeutic problems
since it is part of molecules proposed during a phase of a
general treatment for nocardiosis [24]. However, all clinical
strains of N. brasiliensis were sensible to SXT and would be
an effective molecule during treatments. The sensibility of
N. brasiliensis type strain to this antibiotic has already been
observed by Gilquin et al. [9].
Our study confirms that all clinical strains ofN. brasilien-
sis are capable of degrading casein except 12.28 clinical strain.
As shown by Seol et al. theN. brasiliensis type strain is able to
degrade casein as well [25]. However, the test on the reference
strains reveals that N. vulneris, N. tenerifensis, N. boironii,
and N. iowensis are also capable of degrading casein in the
same way as N. brasiliensis, as also shown by Gilquin et al.
[9]. This type of test is used in some countries without the
necessary molecular biology tools to identify N. brasiliensis.
But, now, they must be aware that with this test we target
several species of clade N. brasiliensis. So, it is no longer a
criterion of identification proper to N. brasiliensis.
Phylogenetic tree based on the rrs gene sequence of our
collection showed a low genetic diversity resulting in low
polymorphism sequence. In addition, we can note that N.
vulneris DSM 45737T, identified as a new species by Lasker
et al., present a genetic sequence very close to N. brasiliensis
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Table 3: DNA polymorphism of rrs, hsp65, and sodA genes from clinical N. brasiliensis strains isolated in France.
Nocardia species Genes (bp)a Number of haplotypes
(Hd, S2, SD)b
Number of of
polymorphic sites
N. brasiliensis
(𝑁 = 38: 36 clinical strains and 2 reference strains)
rrs (569) 16 (0.824, 0.00300, 0.055) 16
hsp65 (401) 22 (0.927, 0.00087, 0.029) 27
sodA (406) 14 (0.885, 0.00080, 0.028) 29
aResulting fragment size without the primers sequences; bHd: haplotype (gene) diversity, S2: variance of haplotype diversity, and SD: standard deviation of
haplotype diversity.
strains [26]with percentages of similarities on average greater
than 98%.
Analysis of the phylogenetic tree (Figure 2) based on the
MLSA by the concatenation of sodA and hsp65 housekeeping
genes showed that the isolates are surprisingly classified
according to 3 genotypes. These groups were formed upon
similarity percentages and existing phylogenetic distances
between the sequences of the strains studied. Genotype 1 con-
cerns a well-defined cluster containing 9 clinical strains only
which is sustained by a bootstrap of 81%.This genotype hosts
all the cases of pulmonary forms (3), the sole cerebral form,
and almost all the cases of immunocompromised patients (3
out of 4). Moreover, eight out of twelve strains susceptible
to imipenem can be found in this group. There is just one
remaining strain in this group not presenting this kind of
susceptibility. The reason may be an acquired resistance to
this drug due to a previous treatment. This well-defined
genotype evokes the possible existence of another species or
a strong variability in this case. This may have been caused
by environmental pressures in the ecosystem of these isolates
which may have resulted in the selection of strains that may
have acquired, by mutations or genetic transfer with other
microorganisms, new virulence characters different from that
of the strain type N. brasiliensis. Regarding genotypes 2 and
3, they include clinical strains and N. brasiliensis ATCC
19296T type strain. However, the discrimination between
these 2 genotypes is less clear than that with genotype 1
because of being in weak bootstrap that is less than 50. The
genetic differences do not allow distinguishing them properly
and their phenotypic behavior remains similar. Then, it
would be interesting to study on another gene capable of
generating more divergences, for example, gyrB and rpoB
genes, which have already successfully been used for studying
the polymorphism of some other Nocardia species [27, 28].
Concerning the percentage of similarity between the type
and tropical strain of N. brasiliensis, it is 99.82% according to
the rrs and goes down to 98.51% with the concatenation of
sodA and hsp65. The fact of highlighting a greater dissimilar-
ity with the concatenation between the type and tropical N.
brasiliensis strain shows the advantage of the use of 2 markers
like sodA and hsp65 vis-a`-vis the rrs. The discriminatory
power of these two genesmay be explained by the presence of
more polymorphic sites (hsp65: 27; sodA: 29) than in the case
of rrs gene (16) and also by having Hd values higher than that
of rrs gene (hsp65: 0.927; sodA: 0.885; rrs: 0.824).
It would be interesting to identify the genes involved
in the virulence of different genotypes, including those of
actinomycetoma. Interesting leads can be considered: (i) as
identification of virulence genes expressed using the RNAseq
method or (ii) to identify noncoding RNAs [23]. In addition,
to genomically distinguish N. brasiliensis and N. vulneris
a specific PCR to N. vulneris, using a specific gene of the
species, should be developed.
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